Xanthomonas oryzae pv. oryzae (Xoo) produces a putative effector, XoAvrBs2. We expressed XoAvrBs2 homologously in Xoo with a TAP-tag at the C-terminus to enable quantitative analysis of protein expression and secretion. Addition of rice leaf extracts from both Xoo-sensitive and Xoo-resistant rice cultivars to the Xoo cells induced expression of the XoAvrBs2 gene at the transcriptional and translational levels, and also stimulated a remarkable amount of XoAvrBs2 secretion into the medium. In a T3SS-defective Xoo mutant strain, secretion of the TAPtagged XoAvrBs2 was blocked. Thus, we elucidated the transcriptional and translational expressions of the XoAvrBs2 gene in Xoo was induced in vitro by the interaction with rice and the induced secretion of XoAvrBs2 was T3SS-dependent. It is the first report to measure the homologous expression and secretion of XoAvrBs2 in vitro by rice leaf extract. Our system for the quantitative analysis of effector protein expression and secretion could be generally used for the study of host-pathogen interactions.
Xanthomonas oryzae pv. oryzae (Xoo) is the causal agent of bacterial blight (BB) in rice (Oryza sativa L.). BB seriously damages rice production in most rice-growing countries and especially tropical countries. In the last decade, genome sequences of a number of organisms were determined, including those of Xoo and rice [9] , enabling us to study the molecular mechanism underlying the hostpathogen interactions in detail. Many genes associated with the pathogenesis of Xanthomonas species have been identified, and the representative pathogenicity-related gene groups include hypersensitive response and pathogenicity (hrp) genes and effector or avirulence (avr) genes [3] .
Many Gram-negative pathogenic bacteria including Xanthomonas species secrete multiple effector proteins via a large protein complex called the Type III Secretion System (T3SS) [4] . Bacterial effectors modulate or suppress host defense functions in various ways after translocation into the host cells, and plants have the defensive surveillance system represented by resistance (R) genes for effector proteins [1, 8] . The first known and most studied effector proteins in Xanthomonas are AvrXa7 and AvrXa10, which are considered to be a transcription factor that modulates the expression of pathogenicity-related genes in host cells [14, 21] .
AvrBs2 is another type of effector protein, which is required for full pathogenicity of Xanthomonas campestris pv. vesicatoria (Xcv) in pepper and tomato [8] . The T3SS-dependent translocation of Xcv AvrBs2 into plant cells was confirmed using the reporter protein of the calmodulindependent adenylate cyclase [2] . BS2 of pepper specifically recognizes Xcv AvrBs2 and confers resistance via initiating the hypersensitive response (HR) in the infected region [18] . However, the function and working mechanism of Xcv AvrBs2 in host cells are still unclear. In this paper, we studied the expression and secretion of XoAvrBs2, a Xoo ortholog of Xcv AvrBs2, induced by the interaction between Xoo and rice. We developed a novel recombinant homologous expression system customized for Xoo. Using the system, Tandem Affinity Purification (TAP)-tagged XoAvrBs2 was homologously expressed in Xoo and the secretion of XoAvrBs2 by rice leaf extract (RLX) was confirmed quantitatively. Although the reported assay using the reporter gene of adenylate cyclase enables us to study the translocation of effector as an in vivo tool, our system also provides a novel in vitro biochemical tool for quantitative assay of effector secretion from Xoo-rice interaction causing virulence.
MATERIALS AND METHODS

Strains and Culture Conditions
Xanthomonas oryzae pv. oryzae (Xoo) strain KACC10331, Xoo strain KACC10859, and pHM1 vector were stored by our laboratory. Xoo strain KACC13129 (∆hrcC) was provided by KACC (Korean Agricultural Culture Collection). Rpb3-TAP-tagged yeast strain ysc1177 was purchased from OPEN Biosystem (Huntsville, USA) and used as a positive control of a TAP-tag. Xoo was grown on nutrient broth or nutrient broth agar plates at 28 o C. If necessary, 100 µg/ml ampicillin or 50 µg/ml spectinomycin was supplemented.
Synthesis of Optimized Coding Sequence of XTAP-Tag for Xoo
The coding sequence of TAP-tag [11] was optimized to fit the codon usage of Xoo, which prefers C or G at the third position of codon. The optimized coding sequence (XTAP) was assembled from synthesized oligonucleotides by fragment-fragment extension or artificial gene synthesis. The resulting 559 bps amplified DNA fragment was cloned into pGEM-T vector directly so as to yield recombinant vector pGEM-T-XTAP.
Construction of Expression Vector Customized for Xoo and
Cloning of XoAvrBs2 Gene Genomic DNA of Xoo was extracted with a MagExtractor nucleic acid purification kit (Toyobo). The fragments of XTAP and T g a p A
, the terminator of Xoo gapA (glyceraldehyde-3-phosphate dehydrogenase), were amplified by PCR using AccuPower HF PCR premix (Bioneer) from pGEM-T-XTAP and genomic DNA of Xoo, respectively ( Table 1 ). The two PCR fragments were ligated into pGEM-T easy vector (Promega). The inserted sequences were confirmed and then cut out using the corresponding restriction enzymes; SacI and SalI for XTAP, and SalI and HindIII for T g a p A
. The products were inserted into pHM1 vector so as to yield recombinant vector pHM1-XTAP-T g a p A (Fig. 1) . The XoAvrBs2 gene including the promoter region (from -149 bps to start codon of XoAvrBs2) was synthesized by PCR (Table 1) and ligated into the pGEM-T easy vector (Promega). The inserted sequences were confirmed and then cut out using the restriction enzymes of KpnI and SacI. The product was inserted into pHM1-XTAP-T g a p A
vector so as to yield recombinant vector pXoAvrBs2-TAP.
Transformation of Xoo and Selection of Recombinant Transformants
Recombinant vector pXoAvrBs2-TAP (60 µg) was purified and introduced into Xoo strain KACC10859 using the electroporation method [16] with a Gene Pulser II (Bio-Rad) electroporator with 0.2 cm gap cuvette at 12.5 kV/cm. Then, Xoo cells were immediately diluted with 1 ml of SOC medium and incubated at 28 o C with shaking for 2 h. After recovery, cultured cells were plated on nutrient broth agar plates containing spectinomycin (50 µg/ml) and plates were incubated at 28 o C for 4 days. Total DNA was isolated from transformants according to the procedure for Bacillus [20] , and plasmid DNA was purified by a Wizard Plus SV Minipreps DNA Purification System (Promega). Total DNA, genomic DNA, and plasmid DNA were separately isolated from eight transformants, and each DNA sample was subjected to amplification of the TAP sequence using AccuPower HF PCR premix (Bioneer) to determine if the transforming DNA exists episomally or is integrated into the chromosome.
Dot Blot and Western Blot Analyses
The transformant with pXoAvrBs2-TAP was cultured in 100 ml of nutrient broth with spectinomycin and grown to mid-log phase (A 6 0 0 = 0.5). Cells were harvested from 1 ml of cell culture by centrifugation at 12,000 rpm for 5 min at 4 o C. Cells were washed once with PBS (phosphate-buffered saline) buffer, and resuspended in 200 µl of PBS. Resuspended Xoo cells were broken by sonication (Ultrasonic generator; Korea), followed by centrifugation at 15,000 rpm for 10 min at 4 o C. Then, the supernatant was harvested as soluble cell extract and the pellet was resuspended in 200 µl of 2 M urea/PBS as insoluble cell extract. Then, 300 µl of 1 M NaCl/2 M urea/PBS was added into both of soluble and insoluble cell extracts, followed by vortexing. Protein concentrations were determined with the Bradford reagent (Bio-RAD). Serial dilution of protein samples was prepared with 2 M urea/PBS in 96-well plates and used for dot blot assays to quantitate XoAvrBs2-TAP. TAP-tagged Rpb3 protein, which was purified in our laboratory from the purchased yeast strain ysc1177, was used for the positive control and the cell extract of wild-type Xoo was used for the negative control. Following transfer from a 96-well plate to a polyvinylidene difluoride membrane (PVDF, Immuno-Blot PDVF membrane for protein blotting, 0.2 µm; BIO-RAD) with a 96-well vacuum dot-blotter, the membrane was washed, blocked, and subjected to a one-step immunoaffinity procedure with an anti-peroxidase-IgG conjugate (Amersham). Bound IgG was detected by chemiluminescence reaction (ECL, Israel) followed by developing on film and quantitation. All quantitative measurements of dot blots were repeated three times. The expressed XoAvrBs2-TAP in soluble cell extract was purified by a single affinity purification using IgG resin. After binding the soluble cell extracts to IgG resin, the bound XoAvrBs2 proteins were washed with high salt and then low salt buffers and eluted from the resin by TEV cleavage. The eluted fraction was analyzed by MS/MS to identify the XoAvrBs2 protein.
Quantitative RT-PCR (qRT-PCR) of XoAvrBs2 Transcript Induced by Rice Leaf Extract
The transformant with pXoAvrBs2-TAP was cultured in 5 ml of nutrient broth with or without 50 mg of RLX. Total RNAs were isolated with an RNeasy Mini Kit (Qiagen) and treated with DNase I (Qiagen). cDNA synthesis was performed with a MMLV Reverse Transcriptase 1 s t -strand cDNA synthesis kit (EPICENTRE Fig. 1 . Schematic representation of the development of the recombinant expression vector system customized for Xoo.
, the natural promoter of XoAvrBs2; XoAvrBs2, the coding sequence of XoAvrBs2; XTAP, the TAP-tag sequence whose codon was optimized for Xoo gene expression; T g a p A
, the terminator of Xoo gapA (glyceraldehyde-3-phosphate dehydrogenase).
Biotechnologies) according to the manufacturer's instruction. qRT-PCR was carried out with the SYBR Advantage qPCR Premix (Clontech). The quantitative PCR amplification was performed on an Opticon Real-time PCR cycler (ABI 7900 HT; Applied Biosystems) and quantification was performed with the Opticon Monitor analysis software, version 1.08. The gene-specific primer sequences are provided in Table 2 .
Preparation of Rice Leaf Extract and XoAvrBs2 Secretion Assay Four-to six-week-old leaves of rice (Oryza sativa L. cv. Milyang 23) were harvested and homogenized in liquid nitrogen with a mortar and pestle. Then 100 ml of Xoo transformant with pXoAvrBs2-TAP was grown to mid-log phase at A 6 0 0 = 0.5 and 3 ml of prepared RLX was added into the Xoo culture medium. For quantitative measurement of XoAvrBs2 remaining in Xoo cells, 1 ml out of 100 ml culture was harvested by centrifugation at 12,000 rpm for 5 min at 4 o C at various time intervals. XoAvrBs2 in the Xoo cell pellet was measured by dot blots as described in the previous methods. For the measurement of secreted XoAvrBs2-TAP, 100 ml of Xoo culture was centrifuged at 12,000 rpm for 20 min at 4 o C and the supernatant was concentrated into 1 ml using a Vivaspin10 concentrator (MWCO 10000; Vivascience). Then 150 µl of the concentrated solution was used for the dot blot assay. Total expressed XoAvrBs2-TAP was calculated by combining secreted XoAvrBs2-TAP in the soluble culture medium with XoAvrBs2-TAP remaining in Xoo transformants.
RESULTS
Homologous Constitutive Expression of TAP-Tagged XoAvrBs2
The broad-host-range plasmid, pHM1 vector [7] , was used as a platform to generate the recombinant expression vector of the XoAvrBs2 gene, which has the XoAvrBs2 gene including its natural promoter and a TAP-tag sequence at the 3'-end of the XoAvrBs2 gene (Fig. 1) . The resulting expression vector, pXoAvrBs2-TAP, was transformed into Xoo, and was confirmed to exist only episomally (data not shown). The Xoo transformant expresses two forms of XoAvrBs2 gene products: native XoAvrBs2 from the genomic DNA and recombinant TAP-tagged XoAvrBs2 (XoAvrBs2-TAP) from the pXoAvrBs2-TAP vector.
XoAvrBs2-TAP was expressed homologously from the pXoAvrBs2-TAP vector. The Xoo transformant containing pXoAvrBs2-TAP vector was grown to the mid-log phase and harvested in order to measure the amount of constitutively expressed XoAvrBs2-TAP. Dot blot showed that the quantity of soluble XoAvrBs2-TAP was 2
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(=32)-fold that of the insoluble XoAvrBs2-TAP, which implied 96% of the XoAvrBs2-TAP exists as a soluble form in Xoo (Fig. 2A) . The Western blot of the soluble fraction of Xoo cell extract showed two obvious protein bands of 105 and 65 kDa, which were recognized by the IgG antibody (Fig. 2B) . The 105 kDa protein is the full-length XoAvrBs2 (80 kDa) with a TAP-tag (25 kDa), and the 65 kDa protein is assumed to be the proteolytic cleaved form of XoAvrBs2-TAP. Expressed XoAvrBs2-TAP was purified directly from the soluble fraction of the Xoo transformant cell extract by performing affinity binding to IgG resin and elution with proteolysis of the TEV cleavage site with TEV protease. In the elution fraction, the XoAvrBs2 protein was confirmed by tandem mass spectrometry MS/MS.
Induced Secretion of TAP-Tagged XoAvrBs2 by Rice Leaf Extract
Many Gram-negative pathogenic bacteria that infect plants and animals inject or translocate their effector proteins to the host cell via T3SS [4, 5] . We attempted to mimic the initial interaction between rice and Xoo during infection, Fig. 3A and 3B ). The growth of Xoo cells was not affected by the addition of RLX (data not shown). In untreated Xoo cells, XoAvrBs2-TAP expression had been increased up to 16 h; however, in RLX-treated Xoo cells, XoAvrBs2-TAP expression was increased at 4 h and plateaued after then. XoAvrBs2-TAP expression in untreated Xoo cells was 5-folds higher than that of RLX-treated Xoo cells in 16 h. The result was contrary to our expectation; we expected that treating Xoo cells with RLX would increase the expression of the XoAvrBs2 gene in Xoo. The result could be interpreted in two different ways. The low XoAvrBs2-TAP expression in RLX-treated Xoo cells could result from the genuine decrease in XoAvrBs2 gene expression, or alternatively the normally or highly expressed XoAvrBs2-TAP by RLX could be secreted out of the Xoo cells. We tested the possibility of secretion of XoAvrBs2-TAP out of RLX-treated Xoo cells by measuring the amount of XoAvrBs2-TAP in the soluble culture medium. As a result, the significant amount of XoAvrBs2-TAP secretion was confirmed in RLX-treated Xoo cells. The amounts of secreted XoAvrBs2-TAP in the soluble culture medium were measured for 24 h. At 4 h after adding RLX, secretion of XoAvrBs2-TAP started to increase in the soluble culture medium of RLX-treated Xoo cells until 20 h (Fig. 3C and  3D) . At 20 h, approximately 96% of the total expressed XoAvrBs2-TAP was secreted out of RLX-treated Xoo cells (data not shown). We also measured the secretion of XoAvrBs2-TAP by RLX of IRBB-3, a Xoo-resistant rice cultivar, and the amount of secreted XoAvrBs2-TAP by IRBB-3 RLX was similar to that by Milyang23 RLX (Fig. 4) .
Induced Transcriptional Expression of XoAvrBs2 Gene by Rice Leaf Extract
We also studied the induced expression of the XoAvrBs2 gene by RLX at the transcriptional level. The expression of hrp genes and type III secreted effector genes is tightly controlled by the regulatory protein HrpX via binding to the cis-regulatory element named the PIP box present in the promoter region of the pathogenicity-related genes [19] . The XoAvrBs2 gene in Xoo also has the PIP box. We measured the amount of expressed XoAvrBs2 transcripts using quantitative RT-PCR (qRT-PCR). The XoAvrBs2 gene was transcribed constitutively without RLX, and the amount of XoAvrBs2 transcripts was increased approximately 2-to 5-fold at 12 h after RLX-treatment; both RLXs from Xoo-sensitive rice (Milyang23) and Xoo-resistant rice (IRBB3 [10] and YW1127 [15] ) increased XoAvrBs2 transcription (Table 3 ). Glyceraldehyde-3-phosphate dehydrogenase (GAPD) and rRNAs (5S, 16S, and 23S) genes of Xoo in the same RNA sample were used as the internal control for qRT-PCR of XoAvrBs2 transcripts.
XoAvrBs2 Secretion Depends on T3SS
We studied if XoAvrBs2 secretion depends on T3SS. The hrcC gene in Xoo is a homolog of the YscC gene in Yersinia spp., which constitutes a needle base for T3SS at the outer membrane in Yersinia spp. and is essential for effector secretion [6] . The pXoAvrBs2-TAP vector was transformed into the T3SS-deficient Xoo mutant, ∆hrcC Xoo KACC10859 strain (KACC13129), and the secretion of XoAvrBs2-TAP from the transformant was measured at 20 h after RLX-treatment. Dot blot showed that XoAvrBs2-TAP secretion was completely blocked in the T3SS-deficient mutant (Fig. 5) . Thus, T3SS is essential for XoAvrBs2-TAP secretion induced by RLX.
DISCUSSION
Effector proteins play a key role in controlling or modulating the signaling pathways of host cell to cause pathogenicity. Many effectors have been found in diverse plant pathogens and are still being searched for, and how the effectors regulate the signaling pathway of the host is also heavily studied. One of the first steps to initiate a pathogenic signal in pathogen is to recognize the host, express the effectors, and translocate the effectors into the host cells. However, there is little known about the timing and quantity of the effector expression and translocation. Herein, we developed a novel homologous expression system to measure and analyze the expression and secretion of the effectors. Using this system, XoAvrBs2-TAP was expressed homologously in Xoo. Our result showed that the treatment of RLX into Xoo cells was enough to induce XoAvrBs2-TAP secretion out of the Xoo cells. Homologously expressed and secreted XoAvrBs2-TAP from the transformed Xoo was measured quantitatively using dot blots, and transcriptional and translational expressions of the XoAvrBs2 gene were increased, and approximately 96% of total expressed XoAvrBs2-TAP was secreted out of Xoo in 20 h. In Xcv, the translocation of Xanthomonas outer protein (Xop) effectors to host pepper cells was confirmed in vivo at 8 h after Xcv's inoculation to pepper leaves, and the quantity of the translocated Xop effectors was approximately 10-to 1,000-fold higher compared with control [12] . In our in vitro system, XoAvrBs2 secretion was detected as early as 4 h after RLX treatment to Xoo cells, and the quantity of secreted XoAvrBs2 was approximately 3,000-fold higher than that of the untreated control.
The working mechanism by which translocated AvrBs2 causes HR in the plant cells is still unclear. The amino acid sequence of Xcv AvrBs2 is homologous to the agrocinopine synthase of Agrobacterium tumefaciens (sequence identity: 29%) and the glycerophosphoryl diester phosphodiesterase UgpQ of E. coli (sequence identity: 24%) [17] . XoAvrBs2 has 90% of sequence identity with Xcv AvrBs2. Agrocinopine A, a phosphorylated opine, a non-nitrogenous opine of sucrose and L-arabinose with a phosphodiester linkage, is produced by transforming agrobacteria and used by agrobacteria as a nutrient [13] . Based on the sequence homology, the function of XoAvrBs2 could be agrocinopine synthase or phosphodiesterase. However, no such enzymatic activities of AvrBs2 have been confirmed thus far. This is the first report to measure homologous expression and secretion of a putative effector XoAvrBs2 quantitatively in vitro, and the developed system can be used to study the detailed mechanism underlying the Xoo-rice interactions in order to express and secrete XoAvrBs2.
